ABSTRACT
INTRODUCTION
Protein distribution in DALGEE particles was studied using confocal fluorescence 11 microscopy. Before immobilisation, proteins present in Pectinex-Ultra SP-L were 12 labelled with fluorescein isothiocyanate (FITC), a fluorophore that chemically 13 attaches to amino groups in proteins [30] . Pectinex Ultra SP-L was diluted 1:2 (v/v) 14 in 0.1 M Na2CO3. Then, FITC dissolved in N,N-dimethylformamide was added to 15 the protein solution in a ratio of 5 µg of FITC per milligram of protein [31] . The 16 unbound FITC was removed using a pre-packed PD-10 column (Amersham 17 Biosciences). The FITC-labelled protein sample was diluted 1:2, 1:100 and 1:1000 18 (v/v) with 10 mM acetate buffer (pH 5.6) before the immobilisation in calcium 19 alginate and further drying. The resultant DALGEEs were analysed with a 20 confocal laser scanning microscope (Leica, model TCS SP2-AOBS). An oil 21 immersion objective (40.0 x 1.25) was used for all measurements and the pinhole 22 aperture was set to 1.50 Airy (122 µm). The excitation wavelength was 488 nm and 23 the emission was collected at 500-550 nm, with the corresponding filters. 1
Micrographs were taken at different plane depths. The exposure of the 2 micrographs was adjusted using the software for image processing. 3 4
Porosimetry. 5
The specific surface area (SBET) of the DALGEEs was determined from analysis of 6 nitrogen adsorption isotherms at −196ºC using a Micromeritics ASAP 2010 7 equipment. The samples were previously degassed at 100ºC for 12 h to a residual 8 vacuum of 5×10 −3 Torr in order to remove any loosely held adsorbed species. 9 10
Water content. 11
A volumetric Karl-Fisher titrator (Mettler Toledo, model DL31) was used for 12 measuring the water content of DALGEEs, employing Hydranal composite 5 as 13 reagent. 14 15
Scanning electron microscopy 16
The DALGEEs were mounted on aluminium SEM stubs and sputter-coated with a 17 thin layer of gold at completed Torr vacuum. Samples were examined by scanning 18 electron microscopy using an XL3 microscope (Philips) at an acceleration potential 19 of 20 kV. 20 21
Activity assays 22
The enzymatic activity towards sucrose was determined at 60ºC in 0.2 M sodium 1 acetate buffer (pH 5.6) by measuring the release of reducing sugars from 100 g/L 2 sucrose solution using the dinitrosalicylic acid (DNS) method [32] . The assay was 3 adapted to 96-well microplates as described in our previous work [25] . One unit 4 (U) of activity was defined as that catalyzing the formation of 1 µmol of reducing 5 sugars per minute under the above conditions. The activity of the immobilised 6 biocatalysts was determined incubating in an Eppendorf tube approx. 50 mg of 7 alginate beads with 0.45 mL of 100 g/L sucrose solution in 0.2 M sodium acetate 8 buffer (pH 5.6). The mixture was maintained at 60ºC and 600 rpm for 20 min in a 9
Vortemp 56 incubator (Labnet). A 200 µL sample of the supernatant was 10 withdrawn and submerged for 10 min in a water bath at 95ºC, in order to 11 inactivate the possible lixiviated enzyme. Then, 50 µL of this sample were 12 transferred to one of the wells of the microplate, and the concentration of reducing 13 sugars was measured as described above. DALGEEs containing the entrapped fructosyltransferase were packed in a 5
HiTrap TM column with 1 mL of total volume (7 x 25 mm, GE Healthcare). The inlet 6 of the column was connected to an isocratic pump with dual reciprocating pistons 7 (model 515, Waters), in order to precisely control the flow of the feeding solution 8
to the bioreactor (600 g/L sucrose in 0.2 M sodium acetate buffer, pH 5.6). Both the 9 bioreactor and the feeding solution were maintained at 35ºC in an Ovan chamber 10 incubator (Lovango). At different times, samples were taken at the outlet stream of 11 the bioreactor and analysed by HPLC. When using gel beads, a column XK 16/20 12 (GE Healthcare) with 30 mL of total volume was used. 13 14
HPLC analysis 15
The analysis and quantification of the different carbohydrates present in the 16 transfructosylation reactions was carried out by HPLC with a quaternary pump 17 (Delta 600, Waters) coupled to a 4.6 x 250 mm Luna-NH2 column (5 µm, 100 Å) 18 from Phenomenex. Detection was performed using an evaporative light scattering 19 
Water activity 5
Water activity of sugar solutions was determined using a humidity and 6 temperature digital indicator Thermoconstanter TH200 (Novasina, Switzerland). 7
The humidity sensor was calibrated with control saturated salts solutions of 8 different aw values (LiCl, 0.11; potassium acetate, 0.22; NaBr, 0.57; NaCl, 0.75; 9 K2Cr2O7, 0.98) at 25ºC. yields were compared ( Table 1 ). The immobilized enzymatic activity of the 7 alginate beads was determined indirectly by measuring the initial activity of the 8 solution before gelation and the activity present in the CaCl2 and washing 9
solutions. The value calculated was considered as the theoretical immobilised 10 activity. The main contribution to the loss of activity occurs while the drop is not 11 fully gelled to form the bead [34] . Table 1 shows that sodium alginate SG300 was 12 the most adequate for our purpose, probably due to an optimal 13 mannuronic/guluronic acid ratio, with an immobilisation yield close to 50%. This 14 value was also in accordance with the total protein immobilisation yield (47%) 15 measured by the Bradford assay. Initial protein concentration in Pectinex 16 preparation was approx. 17 mg/ml and fructosyltransferase accounted for only 17 0.4% of total protein [16] . Theoretical immobilisation yields in the range 40-80% are 18 usually reported [1;9;11;13] and, therefore, the SG300 alginate was selected for 19 further experiments. 20
The so-called apparent activity (experimental) of the immobilised 21 biocatalysts, which takes into account mass transfer and diffusional restrictions 22
[35], was measured using 3 gel-beads (approx. 50 mg) and 100 g/L sucrose. The 1 volumetric apparent activity of the SG300 gel-based biocatalyst was 10 U/mL, 2 which is nearly 4-fold lower than the theoretical value. The difference between 3 theoretical and apparent activities seems to be related with the mass transfer of 4 substrates and products within the alginate matrix. 5
We performed the drying process of the calcium alginate gel beads and the 6 resulting biocatalysts, with a crystalline appearance, were called DALGEEs (Dried 7
ALGinate Entrapped Enzymes). The size of the alginate beads was significantly 8 reduced, from 3 mm to less than 1 mm upon drying, which accounted for a 9 volume reduction of approx. 96% (considering the beads as perfect spheres). However, the swelling process may be also influenced by the M/G ratio of the 6 alginate and/or the drying method. 7
The apparent enzymatic activity of DALGEEs containing 8 fructosyltransferase from A. aculeatus was 300 U/mL, which is 30-fold higher than 9 that measured for the gel beads. The textural studies revealed the low porosity of 10 this material, with a BET area of 7.6 m 2 /g and a total pore volume of 0.072 cm 3 /g, 11 measured from the adsorption nitrogen isotherms. The water content of 12 DALGEEs, determined by the Karl Fisher assay, was of only 1.5 % (w/w). 13
The distribution of immobilised FITC-labelled proteins in DALGEEs was 14 studied by fluorescence confocal microscopy. Although fluorescence was found 15 throughout the whole volume of the beads, a clear preferential accumulation of the 16 enzyme in the shell of the particle was observed when lowering the exposure of 17 the emission signal (Fig 4A) . This result is in accordance with the expected 18 hypothetical drying process, as it occurs from the outer to the inner layers thus 19 enriching the beads with protein in the external layers (Fig. 4B) [40] . 20 21
FOS synthesis in batch reactor with fructosyltransferase in DALGEEs 22
The reuse of DALGEEs was studied in a batch reactor measuring the activity 1 of the beads in a sequence of reaction cycles. Fig. 5 illustrates the operational 2 stability of the DALGEEs in 13 successive reaction cycles of 20 min each. As it is 3 shown, the operational stability of DALGEE biocatalysts was very satisfactory. 4
This behaviour was probably related with the fact that DALGEEs do not swell in 5 concentrated sucrose solution and thus the enzyme leakage is minimised. 6 7
FOS synthesis in continuous fixed-bed bioreactors with fructosyltransferase 8 in DALGEEs 9
A fixed-bead reactor of small volume (1 mL) was packed with the 10 DALGEEs. The operation of the continuous reactor for FOS synthesis was assayed 11 at 0.01 mL/min and 35ºC. The bioreactor was operated continuously for 700 h 12 during which samples were taken and analysed by HPLC. As shown in day · L. 21
The above space-time yield was compared with that of a 25 mL fixed-bed 1 reactor packed with the calcium alginate gel beads, which was also operated in 2 continuous mode, at 35ºC and with a flow rate of 0.01 mL/min. Samples at the 3 outlet of the column were analysed by HPLC. The sucrose conversion reached 4 with this system was 67%, and the space-time yield was 103 g FOS/ day · L, which 5 is about 40-fold lower than that determined for a reactor packed with DALGEEs. 6
The fructooligosacharide composition obtained from enzymatic 7 transfructosylation is highly dependent on the reaction time [25] , which is 8
proportional to the residence time in a continuous reactor. The FOS composition 9 was therefore studied operating the reactor at different flow rates in order to 10 control the residence time. The results of this study (Fig. 7) showed that high 11 residence times led to a final FOS product enriched in tetra-and 12 pentaoligosaccharides, whereas low residence times yielded to a trisaccharide- 
composition. 21
This immobilization method may also be suitable for other biotechnological 22 processes, in particular those involving the transformation of carbohydrates. 23 Indeed, we have also applied the DALGEEs technology to obtain glucose/fructose 1 syrups using a β-fructofuranosidase from Rhodotorula dairensis [43] , to convert 2 inulin into fermentable sugars using an inulinase, and for galactooligosaccharides 3 synthesis using a β-galactosidase (data not shown). 4
5

CONCLUSIONS 6
The methodological simplicity for the preparation of DALGEEs and the low 7 cost of the required materials make this process attractive for its application in 8 large-scale FOS synthesis. The drying process of the gel beads resulted in particles 9
with crystalline appearance and increased volumetric activity (30-fold) compared 10 with the corresponding gel-based biocatalysts. In addition, its storage stability 11 (absence of microbial growth compared with the hydrated beads), operational 12 stability and no swelling when used in low aw media (e.g. concentrated sucrose 13 solutions) offer excellent perspectives for applications in biotransformations. 14 15
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